6 Several examples of transcription factors that show stochastic, unsynchronized pulses of nuclear 7 localization have been described. Here we show that under constant calcium stress, nuclear 
signaling pathway in yeast, which controls gene transcription through frequency modulation 23 (FM) of the transcription factor Crz1(9). In this system, the analog external calcium 24 concentration is converted into the frequency of digital pulses of nuclear localization (discrete 25 rapid rising and falling of nuclear concentration on the order a few minutes).
26
Mechanistic models of FM pulsatile transcription factors have relied on negative feedback 27 coupled with positive feedback (7, 8, 10, 11) or delayed negative feedback(11,12). However,
28
whether there is a negative feedback loop in calcium signaling pathway that can generate Crz1 a coordinated fashion(13), but these pulses are stochastic (and not synchronized between cells).
32
To our knowledge, no mechanistic model of this process has yet been proposed.
33
One possibility is that Crz1 nuclear localization pulses are connected to variation in cytoplasmic ] ext increases(9), [Ca 2+ ] cyt is known to be under tight 40 homeostatic control: the average [Ca 2+ ] cyt remains similar under a wide range of [Ca 2+ ] ext (21, 22) .
41
Variation in [Ca 2+ ] cyt is unlikely to follow the frequency of Crz1 pulsatility, which increases 42 3 when [Ca 2+ ] ext increases(9). Thus, the relationship between calcium and Crz1 pulses remains 43 unclear.
44
In this study, we examined the connection between [Ca 2+ ] cyt and Crz1 pulsatile dynamics through 45 dual fluorescence time-lapse microscopy (23) . We found that cytoplasmic calcium concentration 46 varies stochastically at the single cell level, showing pulses on the timescale of 10-100 seconds. 47 We observed overshoots of the calcium concentration, strongly implicating calcium channels in 48 these pulses. We found that Crz1 pulses tend to follow these calcium pulses, but that the 49 relationship is not simple: multiple Crz1 pulses may follow each calcium pulse, and the number 50 of Crz1 pulses depends on the size of the calcium pulse. We modulated calcium channel activity 51 and found much larger calcium pulses, which led to greater numbers of Crz1 pulses. Figure 3A , compared to Figure 1B ). The majority
108
of these large calcium pulses are followed by at least 4 Crz1 pulses that disperse over time
109
( Figure 3B ). As predicted by the model, the number of Crz1 pulses after a calcium pulse is To explain the mechanism of the analog to digital converter, we considered a two-step process in 119 single cells ( Figure 4A ). The first step is that external calcium concentration leads to cytoplasmic 120 calcium pulses (4A, blue trace) through stochastic channel opening, and the second step is that a 121 calcium pulse leads to nuclear Crz1 pulses (4A, red trace) through the calcineurin pathway.
122
A negative feedback loop in the calcineurin pathway could lead to oscillation of calcineurin 123 activity and drive Crz1 pulses, but we decided not to include one in our model for two reasons. increases when the affinity of calcineurin docking site on Crz1 is enhanced(9). This is opposite 134 to the expectation if Crz1 nucleocytoplasmic transition were driven by a feedback mechanism.
135
Therefore, we worked toward models that do not include a feedback mechanism.
136
Previously, Crz1 nuclear localization dynamics were explained with a conformational switch 137 model (22) . This model assumes that the large number of phosphorylation sites on Crz1 leads to a 138 sigmoid function relating calcineurin activity to Crz1 nuclear localization, so when calcineurin 139 activity swings above and below a threshold, Crz1 sensitively reads out the perturbation in 140 calcineurin activity and switches fully nuclear or cytoplasmic (22, 28 Methods for details). Thus, when calcineurin activity increases, the probability of a Crz1 171 molecular being imported increases.
172
Once a Crz1 molecule is imported into the nucleus, it returns to the cytoplasm after it is 173 phosphorylated in the nucleus, which we assume occurs at a constant rate. text for details).
180
This model can qualitatively reproduce Crz1 pulses after a calcium pulse ( Figure 4B ). The figure 4) .
200
Additional predictions of the time delay model are that, after a calcium pulse that is followed by 201 at least two Crz1 pulses, the second Crz1 pulse is shorter and wider than the first Crz1 pulse with mCherry at the C terminus, genomic integration of pCrz1-ymCherry was done at the CRZ1 291 locus using a selectable marker (URA3) and confirmed by PCR. All transformations were 292 performed using the standard lithium acetate procedure(43).
293
All the time-lapse imaging experiments were started when cells were in log-phase (4 hours after 
Spinning-disk Confocal Microscopy and image analysis 299
Nikon CSU-X1 was utilized for time-lapse imaging at room temperature (22 C). For GCaMP3, 300 488 nm laser was applied with time resolutions of 6 sec/frame, exposure time of 100 msec, and 301 25% laser intensity; for mCherry, 561 nm laser was applied with time resolution 30 sec/frame, 302 exposure time of 700 msec, and 50% laser intensity. Bright field images with out-of-focus black 303 cell edge were acquired every minute for cell segmentation and tracking.
304
Cells were attached to glass-bottom dishes with 0.1 mg/ml Concanavalin-A as a binding agent To define the threshold for pulses, every local maximum in all cells growing in standard liquid 346 culture (no additional calcium) was identified with a minimum distance of 60 seconds.
347
Thresholds were then chosen to filter out most of the background noise: we chose the top 0.5% 348 of the peak height (0.09) for calcium pulses, and the top 5% of both the peak height (0.30) and 349 prominence (0.15) for Crz1 pulses.
350
For the analysis of the relationship between calcium pulse height and number of Crz1 pulses, the 
